Introduction
Indirect measurement of blood pressure is undertaken with many more-or-less automated devices whose performance characteristics are poorly documented. In some cases the principle of their operation is not stated and it may not be clear whether they use phase IV or phase V of the Korotkoff sounds for the diastolic end-point. This second factor is highly relevant in exercise, pregnancy, and other high-output states. Reports on antihypertensive and vasoactive agents increasingly refer to automated sphygmomanometers that can provide results in hard-copy form.1-3 They imply that eliminating the human observer has preserved or even increased the accuracy of the traditional sphygmomanometer.
Labarthe et a14 assessed the performance characteristics of various sphygmomanometers but did not use direct readings as a basis for comparison and omitted newer, simple, and relatively cheap semiautomatic devices, some of which are aimed at selfmeasurement. Several newer devices have features such as audiovisual signalling of end-points, adjustable preset deflation rate, elimination of observer bias and error, and results in hardcopy form. Any of these features may make one or other model the instrument of choice for particular purposes, such as selfmeasurement of blood pressure, semiautomated pressure monitoring, epidemiological surveys, or assessment of antihypertensive agents, provided that a given standard of accuracy can be assumed or demonstrated.
We have tested a sample of sphygmomanometers, including the common clinical mercurial model, which varied widely in cost and the amount of training needed by users. They represented mercurial and aneroid models based on human detection of Korotkoff sounds, sound filters, and an ultrasound principle. The study was designed to correspond to everyday clinical application and we did not consider the ease of use or accuracy of the instruments in untrained hands.
Materials and methods
We used seven different types of sphygmomanometer (see table I) in random order on nine patients aged 25-80 years, while simultaneously recording direct intra-arterial blood pressure. The patients were receiving various drug regimens for hypertension and presented a range of blood pressure levels. All gave consent to the study. One patient (case 1) had frequent ventricular ectopic beats, and one other (case 9) was in controlled atrial fibrillation.
Supine blood pressure was taken as the average of two readings, phase V being used as the diastolic end-point when observer auscultation was used. In one patient (case 2) there was no disappearance of sounds down to zero, and in this case muffling (phase IV) was used for the diastolic end-point. Intra-arterial pressure was determined as the average of 15 complexes immediately preceding cuff inflation.
The blood-pressure cuff was applied to the arm containing a 50 mm 17-gauge Teflon cannula (Dwellcath, TUTA Laboratories, Lane Cove, Australia) inserted into the brachial artery. Intra-arterial blood pressure was measured by a Siemens model 746 pressure transducer and a Philips amplifier type XV 1505, direct calibration of the system being carried out on the day of the procedure. The resonant frequency of the whole system was 13 8 Hz with a damping factor of 0 37. Zero reference level was taken as midthorax in the supine position and was checked before and after each reading. Direct pressures were read from the record by one of us without being aware of the sphygmomanometer readings.
All the cuffs used had bladders 120-135 mm wide and 220-230 mm long. In the case of the four electronic instruments the manufacturers' cuffs were used as they contained a built-in sensor with or without a stimulator. Mid-arm circumference was measured in each case.
DEVICES TESTED
The four more-or-less automated devices evaluated were the Arteriosonde 1217, Kenz-45, Cardy 8, and I-Health. Two manual models in addition to the standard mercury sphygmomanometer (Accoson) were tested-namely the London School of Hygiene and Hawksley Random-Zero machines. These two instruments minimise observer bias, the London School of Hygiene machine also obviating digit preference. We used the disappearance (phase V) of the Korotkoff sounds as the diastolic end-point in this study, partly because a clear phase IV could not be detected in most patients. Since we found that the standard sphygmomanometer overestimated the diastolic pressure phase IV would have been less accurate. Most automated devices are set to detect disappearance of sound, which seems reasonable since mortality and morbidity data from life insuranc6 firms and the Framingham and other studiest16t-* refer to Korotkoff phase V. Nevertheless, in certain specific cases the ability to measure phase V alone may mislead -for example, during pregnancy, during and after exercise, or in children, where high flow rates may exist.t0
In our study all seven sphygmomanometers tested gave significantly different values from the intra-arterial readings for either systolic or both systolic and diastolic pressures. The only readings that did not differ from direct values were the diastolic pressures obtained with the London School of Hygiene and I-Health machines. The standard sphygmomanometer showed the smallest scatter of readings about the mean for systolic pressure and shared this distinction with the Hawksley Random-Zero machine for diastolic pressure.
The correlation of indirect systolic pressure with the intraarterial level was highly significant with each of the seven machines (figure). Thus when changes in blood pressure are of prime importance-for example, in assessing the efficacy of antihypertensive agents-indirect readings would give a faithful record of events. A significant but weaker correlation with intra-arterial diastolic pressure was also found for all machines (figure) except the Cardy 8.
The resonant frequency of the direct pressure-recording system was such that a significant overestimation of true systolic pressure or underestimation of true diastolic pressure was most unlikely. Thus the difference between direct and indirect readings must indicate a true limitation in performance characteristics of the sphygmomanometers. Probably these limitations would be highlighted under more difficult conditions of blood'Lpressure measurement (for example, exercise or pregnancy), particularly with those instruments capable of detecting only the phase V diastolic end-point.
Since we tested only one of each type of instrument possibly our machines were not representative. All the devices were virtually new, however, except for the London School of Hygiene machine; this had been extensively serviced, resulting in stiffness of the plungers, which could have contributed to the underestimation of systolic pressure. The Arteriosonde seemed to be incapable of handling a systolic pressure above 240 mm Hg despite a specified maximum of 256 mm Hg, and the largest errors with it occurred in that region. Moreover, we used only one observer and a small group of patients, though these were chosen to represent a range of ages and blood pressure levels. Thus the degree of inaccuracy we found with a particular machine might not apply in all circumstances, but the trends of performance are likely to be generally valid.
The effect of cuff size on the accuracy of blood-pressure determination was negligible. The American Heart Association recommendation' for cuff width was fulfilled in all but one of our patients (case 4), whose mid-upper-arm diameter exceeded 1 2 times cuff width (table II) . Apparently the question of arm girth or length is relevant only in children and the very obese. 20 Our findings suggest that all seven types of sphygmomanometer tested have shortcomings in accuracy, even when they are used by an experienced observer, if compared with simultaneous intra-arterial readings. Indirect figures, however, mirror changes in blood pressure more accurately than absolute levels, and there were strong correlations between the two methods of measurement for systolic and to a less extent diastolic pressure except with the Cardy 8 machine. The errors from sphygmomanometers were mostly small, especially for diastolic pressure, but with two instruments mean variations in systolic pressure approached 20-30 mm Hg (table II) . Such an error in systolic pressure could mean that hypertensive patients are incorrectly categorised or the effect of treatment misinterpreted. and also by the Empress herself and by the Queen of Saxony, the founder of the Albert Society established in Dresden. A paper was read on the occasion by the surgeon-general of the Saxon Army Corps, on the working of voluntary societies for tending the sick, in which it was mentioned that during the Franco-German war of 1870-71, 54000 000 marks were spent by these societies, and that 149 000 sick and wounded passed through the station at Nancy. An account was then given of the work done during the late Turco-Russian war, in Constantinople and Bucharest, by the members of the Saxon Albert Society; the speaker declaring, according to the report of the proceedings, with much animation and eloquence, that it was thanks to the kindly zeal, untiring energy, and careful forethought of Her Majesty Queen Carola that it had been possible for the Society to carry out its Christian and philanthropic work on the shores of the distant Bosphorus. At the close of the proceedings, the Empress, in the name of the German Society, thanked the Queen for the invitation to meet at Dresden, and for the interest she had manifested in its welfare. (British Medical_Journal, 1878.)
